Please use publisher's recommended citation. forelimb-hindlimb sets move asynchronously, producing dragbased thrust. Thus, during typical steady swimming, freshwater turtles propel themselves using all four limbs, whereas non-hatchling sea turtles predominantly use their two foreflippers, with the hindflippers serving mainly as rudders ( Fig.1A,B ). Although a number of studies have examined aspects of swimming in aquatic turtles, including kinematics (Davenport et al.
INTRODUCTION
Swimming animals are subjected to a variety of potentially destabilizing forces that can be either self-generated (e.g. propulsor movements) or external (e.g. environmental turbulence). These forces produce recoil motions that have both rotational (pitch, yaw, and roll) and translational (heave, sideslip and surge) components (Hove et al., 2001) . Hydrodynamic stability is the ability to resist recoil motions of the body produced by destabilizing forces and correct for self-generated and external disturbances, including recoil motions produced during swimming, thereby allowing maintenance of a given trajectory (Bartol et al., 2003; Webb, 2002; Weihs, 2002) . Previous studies have suggested that destabilizing recoil motions can decrease locomotor performance and efficiency as a result of increased drag and laterally directed thrust, and inhibit sensory perception as a result of extraneous motion of the head (Bainbridge, 1963; Lighthill, 1975; Lighthill, 1977; Webb, 1992; Webb, 2002; Weihs, 2002) . These observations suggest that swimming animals might utilize kinematic strategies [e.g. corrective forelimb and hindlimb motions in sea turtles (see Avens et al., 2003) ] or possess morphological adaptations [e.g. carapacial keels in boxfishes (see Bartol et al., 2003) ] that damp destabilizing forces, reducing recoil motions and producing more stable trajectories.
Although hydrodynamic stability has been assessed for a phylogenetically diverse array of vertebrate taxa, the effects of many different body designs and modes of propulsion remain unknown. For example, among rigid-bodied taxa, few data on stability are available for animals propelled by jointed appendages (e.g. limbed tetrapods). Turtles provide an ideal system in which to evaluate effects of propulsion using oscillatory motions of jointed appendages on stability. In turtles, the vertebrae are fused dorsally with a bony carapace, precluding movement of the axial skeleton between the base of the neck and the tail. As a result of their immobilized axial skeleton and reduced tail, thrust in swimming turtles is generated exclusively by the movements of forelimbs and hindlimbs (Blob et al., 2008; Pace et al., 2001) . Marine and freshwater turtle species have evolved different limb morphologies and corresponding modes of propulsion (Davenport et al., 1984) . In marine turtles (seven species) the forelimbs are modified into flat, elongate flippers and the hindlimbs are reduced in size. In contrast, freshwater turtles (over 100 species) have distinct forelimb and hindlimb segments with webbed forefeet and hindfeet and have more similarly sized forelimbs and hindlimbs (Pace et al., 2001) . Marine turtles are capable of using several swimming modes, but post-hatchling turtles generate thrust predominantly via synchronous dorsoventral movements of their forelimbs, a propulsive mode referred to as aquatic flight, which presumably involves lift-based propulsive forces (Wyneken, 1997) (Fig.1A) . In contrast, nearly all freshwater species propel themselves via synchronous, anteroposterior rowing movements of contralateral forelimbs and hindlimbs (Davenport et al., 1984; Renous et al., 2008; Rivera et al., 2006) . In this mode of locomotion, in contrast to aquatic flight, the two contralateral 2010), maneuverability (Heithaus et al., 2002; Rivera et al., 2006) and hydrodynamic implications of shell morphology (Aresco and Dobie, 2000; Claude et al., 2003; Lubcke and Wilson, 2007; Rivera, 2008; Rivera and Claude, 2008) , relatively little is known about hydrodynamic stability in this lineage. Dougherty et al. examined stability in post-hatchlings of two species of marine turtles [Caretta caretta (Linnaeus 1758) and Chelonia mydas (Linnaeus 1758)], providing a quantitative description of recoil motions throughout the limb cycle during rectilinear swimming using synchronous flapping (i.e. dorsoventral) propulsion (Dougherty et al., 2010) . However, despite the greater diversity of freshwater turtles and their use of rowing (i.e. anteroposterior) propulsive movements that are probably basal for the entire lineage (Joyce and Gauthier, 2004) , no study has yet examined hydrodynamic stability in these taxa.
Given the differences in typical modes of propulsion used by freshwater and post-hatchling marine turtles, several testable hypotheses can be generated for how hydrodynamic stability might differ between these groups. (1) The primary direction of motion for propulsors during the dominant swimming modes (i.e. contralateral rowing in freshwater turtles and synchronous foreflipper flapping in sea turtles) is anteroposterior in freshwater turtles and dorsoventral in post-hatchling marine turtles. Because freshwater turtles move their limbs in the same plane as their direction of travel, we predict that heave will be lower in freshwater turtles.
(2) Freshwater turtles produce thrust by oscillating all four limbs during swimming, whereas post-hatchling marine turtles produce thrust primarily with motions of their forelimbs. Because marine turtles predominantly oscillate limbs at one end of the body (anterior) in dorsoventral motions, we predict that pitch will be higher in marine turtles. (3) Motions of homologous limbs on the left and right side are asynchronous in freshwater turtles and synchronous in marine turtles during their primary swimming modes. Because mirrored motions occur at the same time on both sides of the body in marine turtles, we predict that freshwater turtles will have higher levels of lateral recoil (sideslip and yaw).
As a result of the differences in propulsive limb movements between freshwater and post-hatchling marine turtles during rectilinear swimming, and because freshwater turtles possess a body design that differs strongly from that of other rigid-bodied species in which stability has been examined (i.e. boxfish and pufferfish), freshwater turtles provide an important comparison for evaluating the effects of limb kinematics and morphological design on hydrodynamic stability in vertebrates. Furthermore, a comparison of measures of stability between freshwater and marine turtles may provide insights into the evolution of the two different styles of propulsion seen in extant turtles. The goals of this study were, therefore, to: (1) quantify hydrodynamic stability of the body and head in swimming freshwater turtles, and (2) test the effects of different modes of propulsion on stability among turtles by comparing our data with a previous study of sea turtle species using similar methods (Dougherty et al., 2010) .
MATERIALS AND METHODS Animals
Stability data were collected from four juvenile painted turtles [Chrysemys picta (Schneider 1783); carapace length: 9.6-11.6cm]. Turtles were obtained from a commercial turtle supplier and housed together in a climate-controlled greenhouse exposed to ambient light. All animal care and experimental procedures followed Clemson University IACUC guidelines (Clemson University AUP #2007-069).
Experiments
Each turtle was placed individually into a glass aquarium (152ϫ61ϫ64cm) filled with water (28-30°C) to a depth of 26cm. The tank was fitted with a manually powered top-mounted sliding rail system that spanned its entire length, was centered between the front and back walls, and supported a vertical sting that descended into the water. Turtles were stimulated to swim in a straight line by luring them with a prey stimulus (earthworm) that was attached to the base of the vertical sting, which was submerged 8cm below the surface of the water. Use of the rail system ensured that the prey stimulus traversed the tank with no lateral or vertical displacement and, thus, minimized intentional lateral and vertical movements of the pursuing turtle. For each individual, all trials were collected within the span of 1week. This experimental design was similar to that used in Dougherty et al. and facilitated comparisons with marine turtles from that study (Dougherty et al., 2010) . Linear swimming trials were filmed simultaneously at 100Hz in lateral and ventral views using two digitally synchronized high-speed video cameras (Phantom V5.1, Vision Research, Inc., Wayne, NJ, USA). The lateral view provided information on vertical stability and the ventral view provided information on lateral stability. The ventral view was captured using a mirror placed at a 45deg angle to the tank bottom. Both cameras were focused on the central, approximately 100cm, segment of the test tank. Each filming view included a 1cm square grid used to provide distance calibration for video analyses.
Measurement of stability and limb kinematics
Each set of video files was cropped to include the straightest swimming trajectory over three consecutive limb cycles. A limb cycle was defined as the period beginning at maximum retraction of the left forelimb and ending on the subsequent maximum retraction of the left forelimb. The positions of landmarks on the head, shell and limbs were then digitized in lateral view (three landmarks: tip of snout, anterior edge of carapace, posterior edge of carapace; Fig.2A ) and ventral view (11 landmarks: tip of snout, anterior and posterior edge of plastron, left and right shoulder, left and right elbow, left and right hip, left and right knee; Fig.2B ) using DLTdataviewer2 software (Hedrick, 2008) .
Digitized coordinate data were input into a custom Matlab (ver. 7.1, Mathworks, Inc., Natick, MA, USA) routine that interpolated 98 equidistant points between the anterior and posterior points on the carapace (lateral view) and plastron (ventral view), yielding 100 G. Rivera, A. R. V. Rivera and R. W. Blob For each view, the point along the body axis with the most stable trajectory throughout the trial (i.e. the point that traveled the smallest cumulative distance) was designated as the center of rotation (COR) (Dougherty et al., 2010; Rivera et al., 2006; Walker, 2000) . Linear regressions were calculated using the xand y-coordinates of the COR from each frame of the trial and the resulting R 2 -values provided a measure of linearity of the swimming path. In addition, the horizontal distance traveled for each swimming trial (in body lengths; BL) was calculated as the cumulative displacement of the COR in ventral view. Linear velocity (in BLs -1 ) was calculated from differentiation of the cumulative displacement of the COR along the swimming path (based on the x and y positional data). Data were smoothed using a quintic spline [generalized cross validation (see Walker, 1998) ] and then differentiated using a custom Matlab routine. Because calculations of all stability variables (see below) were based on the linear equations of the swimming path, only trials meeting the following criteria were used. (1) R 2 >0.25 for both lateral and ventral views to ensure linear swimming. Some previous studies using similar techniques used much larger R 2 -values [>0.9 (Wassersug and von Seckendorf Hoff, 1985) ]; however, it is possible that such strict cut-off values would bias results to appear more stable than is representative (Dougherty et al., 2010) . (2) Turtles traveled a minimum horizontal distance of three body lengths. (3) Turtles completed a minimum of three consecutive limb cycles during steady swimming (i.e. not starting or stopping) in the field of view of the camera. Trials that met these criteria were subdivided into individual limb cycles, for which values for distance and velocity, limb kinematics and stability were calculated.
To evaluate the kinematic patterns that turtles used during limb cycles, a Matlab routine was used to calculate the movements of each of the four limbs relative to the midline axis of the body throughout each limb cycle. Angles were calculated from the ventral view videos as two-dimensional projections onto the horizontal plane, with a limb segment parallel to the midline axis with the distal end oriented cranially assigned an angle of 0deg, whereas one parallel to the midline with the distal end oriented caudally assigned an angle of 180deg. A quintic spline was fitted to the kinematic calculations from each limb cycle, smoothing the data and allowing cycles to be normalized to the same duration (101 equally spaced increments representing 0-100% of limb cycle) prior to comparisons. These values were used to produce mean (±s.e.m.) profiles of limb kinematics (Pace et al., 2001) .
To evaluate stability during limb cycles a Matlab routine was used to rotate and translate all digitized coordinates for each view so that the swimming path associated with each limb cycle (as previously calculated from trial data) was defined by a vector starting at the origin and traveling along the positive x-axis. All stability variables (i.e. heave, pitch, sideslip, yaw) were then derived from the relationship between the swimming path (i.e. positive x-axis) and three additional parameters calculated from the reconfigured coordinates: (1) the position of the COR throughout the limb cycle;
(2) the position and orientation of the head throughout the limb cycle, which was calculated from the line segment formed between the tip of the snout and the anterior points of the carapace (lateral) and plastron (ventral); and (3) the position and orientation of the body axis throughout the limb cycle, which was calculated from the line segment formed between the anterior and posterior points of the carapace (lateral) and plastron (ventral). As with the kinematic data, a quintic spline was fitted to stability calculations from each limb cycle, smoothing the data and allowing the limb cycles to be normalized to the same duration prior to comparisons. These values were used to quantify stability variables (see below), produce mean (±s.e.m.) profiles of stability parameters throughout the limb cycle, and allowed patterns of stability to be related to the motion of the limbs throughout the limb cycle. The available camera setup did not allow for collection of surge [because of the difficulties of calculating accelerations from digitized videos (see Walker, 1998)] or roll (because of the orientation of the two cameras required to acquire data for heave, pitch, sideslip and yaw).
To quantify specific stability variables (Table1), the maximum angular and positional displacements were extracted from the smoothed and normalized data of each limb cycle. Maximum angular displacements (pitch or yaw) were defined as the maximum angle between the path of travel and the corresponding body axis. Maximum positional displacements (heave and sideslip) were defined by the orthogonal distance between the COR and the path of travel and were calculated as proportions of body (carapace) length. Excursion values were calculated as the difference between the maximum and minimum values for each stability parameter. Owing to the bilaterally symmetrical nature of the study system, in the case of yaw and sideslip, the single (left or right side) maximum value was extracted; excursion values for yaw and sideslip were calculated as the difference between the maximum left and right deviations. In addition, because the maximum value for a given trial does not always occur at the same percent of the limb cycle, it is also possible that calculated maximum values may be different from the maximum values seen in mean kinematic profiles (Dougherty et al., 2010) .
In addition to stability measures, the distance traveled for each limb cycle (i.e. stride length) was calculated as the cumulative displacement of the COR during the limb cycle. Additionally, linear velocity was calculated from differentiation of the cumulative displacement of the COR along the swimming path. Distance and velocity were calculated from ventral view data and were smoothed and normalized as previously described for the kinematic and stability data. 
Statistical analysis
Prior to analysis, outliers (values greater than three standard deviations from the mean) were removed from the data set. Because ANOVA designs (see below) required three cycles from each trial, any trial containing a cycle with an outlier was excluded from the data set. Data were transformed as needed to meet assumptions of homoscedasticity and normality (Sokal and Rohlf, 1995) . ANOVA was used to conduct separate intraspecific and interspecific comparisons. For intraspecific comparisons, a set of nested ANOVAs (individual>trial) was used to test for individual differences between the four painted turtles for the 12 measured stability parameters. For these analyses, 'individual' was analyzed as a fixed factor and 'trial' (nested within individual) was treated as a random factor. For interspecific comparisons, a set of multi-level nested ANOVAs (species>individual>trial) was applied to compare data for eight focal stability parameters (see Table1) between freshwater turtles (this study) and two species of marine turtles (Dougherty et al., 2010) . 'Species' was analyzed as a fixed factor, and the remaining two levels, 'individual' (nested within species) and 'trial' (nested within individual ϫ species), were treated as random factors. Pair-wise nested ANOVAs were used to identify differences between individual species. Sequential Bonferroni corrections (Holm, 1979; Rice, 1989) were applied to all intraspecific, interspecific and pair-wise comparisons. Additionally, correlation and regression analyses were used to examine the relationships between path of travel linearity (i.e. R 2values), limb motions, swimming velocity and stability parameters. In contrast to ANOVAs, these analyses required that cycles be treated as an independent data points, leading to an inflation of the degrees of freedom. Nevertheless, these analyses are used to demonstrate general relationships and patterns within the data, rather than to test the significance of specific hypotheses. Nested ANOVAs were performed using SYSTAT 12 (Systat Software, Inc., Chicago, IL, USA); correlations and regressions were performed using SPSS Base (v. 10; SPSS, Inc., Chicago, IL, USA).
RESULTS
Data were analyzed for 32 trials (6-11 per turtle), yielding 96 limb cycles for which stability parameters were measured. Horizontal body displacement during trials ranged from 3.2 to 5.9BL (4.0±0.1; mean ± s.e.m., N32 for this and subsequent values unless stated otherwise), with mean swimming velocities between 2.7 and 5.5BLs -1 (3.9±0.1). The mean anatomical position of the COR during trials was 26.0±4.6% of carapace length and 38.1±2.0% of plastron length, based on lateral and ventral views, respectively. The R 2 -values from regressions used to determine the path of travel ranged from 0.30 to 0.97 (0.67±0.03) for lateral stability parameters (sideslip and yaw) and from 0.26 to 0.99 (0.75±0.03) for vertical parameters (heave and pitch). The correlation between lateral and ventral R 2 -values (i.e. linearity of path of travel) was not significant (Pearson correlation, r=0.007, P0.969, N32), indicating that lateral and ventral stability parameters are controlled independently from each other. The linearity of the lateral and ventral path of travel, however, were significantly correlated with several body stability parameters (Table2).
Horizontal body displacement during individual cycles (i.e. stride length) ranged from 1.0 to 2.2BL (1.3±0.02, N96). Mean swimming velocities for each cycle ranged between 2.6 and 5.6BLs -1 (3.9±0.1, N96). Swimming velocity had no significant effect on stride length across observed speeds (R 2 0.003, P0.610, N96).
Limb kinematics
During rectilinear swimming, painted turtles use synchronous movements of contralateral forelimbs and hindlimbs (Fig.3 ). The angle between the forelimbs and body axis ranged from -23.0 to 92.3deg, and the angle between the hindlimbs and body axis ranged from 46.6 to 165.1deg. By definition, maximum retraction of the left forelimb always occurs at 0% of the limb cycle. Based on how a limb cycle is defined, the switch from retraction (power stroke) G. Rivera, A. R. V. Rivera and R. W. Blob to protraction (recovery stroke) occurred near the beginning or end of the limb cycle for the right hindlimb, and near the middle of the limb cycle for the right forelimb and left hindlimb. Because of the bimodal distribution of the retraction-protraction transition for the right hindlimb, additional data on the timing of limb kinematics were calculated based on the left and right forelimbs and the left hindlimb only. Based on the timing at which each limb switched from retraction to protraction, the left and right forelimbs differed by between 38 and 61% of the limb cycle (48±1%; N96 for all kinematic data), whereas the difference in timing between contralateral forelimbs and hindlimbs ranged from -8 to 23% of the limb cycle (7±1%). In general, the forelimb began to protract following the initiation of protraction by the contralateral hindlimb (positive values); however, occasionally the forelimb began to protract before the hindlimb (negative values). The difference in timing between ipsilateral forelimbs and hindlimbs ranged from 26 to 52% (42±1%) of the limb cycle. Correlation analyses showed that none of these relative timing variables (i.e. between limb pairs) were significantly correlated with speed (P>0.05). However, differences between the timing of contralateral forelimbs and hindlimbs are significantly correlated with maximum sideslip magnitude (Pearson correlation, r-0.276, P<0.05, N96) and sideslip excursion (Pearson correlation, r-0.212, P0.038).
Body stability
Values for body stability parameters (heave, pitch, sideslip and yaw) were calculated for each of the individual 96 cycles and are presented along with results of an ANOVA testing for intraspecific differences in Table3. Neither heave nor pitch showed a temporal pattern during the limb cycle (i.e. random and non-cyclic) and individual cycles showed a broad range of stability (Fig.4A,B) . In contrast, measures of lateral stability (sideslip and yaw) showed consistent cyclic patterns (Fig.4C,D) . At the beginning of the limb cycle, the left forelimb and right hindlimb would have just finished retracting (i.e. power stroking; Fig.3 ), and because the right hindfoot produces more thrust than the left forefoot (Blob et al., 2003) , this power stroke motion creates a torque, rotating the turtle to the left (0-20% of limb cycle, Fig.4D ). The body reached its maximum leftward orientation near 20% of the limb cycle and then began to rotate towards the right, becoming parallel with the path of travel near 40% of the limb cycle (Fig.4D) . The turtle was oriented to the right of the path of travel from approximately 40 to 90% of the limb cycle, and reached a maximum rightward orientation near 60% of the limb cycle. Comparisons of temporal patterns of sideslip and yaw indicate there was a lag between changes in the direction in which the body was oriented and the direction in which it was traveling (Fig.4C,D) . While the turtle was oriented to the left of the path of travel (yaw), the body continued to move towards the right (sideslip). The direction of motion switched (to the left) near the time at which the body becomes parallel with the path of travel. Correlations between the 12 body stability parameters (adjusted for multiple comparisons) showed that 18 of 66 possible relationships were significant (P<0.05; Table4), including two of six correlations between lateral parameters and 16 of 28 correlations between vertical parameters. However, none of the 32 correlations comparing lateral and vertical parameters were found to be significant. Additionally, regression analyses identified only weak relationships between the 12 variables of body stability and swimming velocity, with R 2 -values ranging from 0.001 to 0.086. Swimming velocity explained greater than 5% of variation for only three parameters: maximum heave magnitude (y-0.006x+0.05, R 2 0.086), heave excursion (y-0.007x+0.06, R 2 0.053), and maximum sideslip magnitude (y0.003x+0.01, R 2 0.055). These data indicate that increased swimming speeds result in slight improvements in heave and slight detriments in sideslip. A decrease in the angle with midline represents limb protraction and an increase in the angle represents limb retraction. Note the synchronous movements of contralateral forelimbs and hindlimbs and the alternating movements of the ipsilateral forelimbs and hindlimbs. Note, because the maximum value for a given trial does not always occur at the same percentage of the limb cycle, it is possible that calculated maximum values may be different from the maximum values seen in mean kinematic profiles. Values are means ± s.e.m., with ranges indicated in parentheses. Bold type indicates a significant difference between individuals (P<0.05). *Significant relationships after sequential Bonferroni correction for multiple comparisons. In addition, because the maximum value for a given trial does not always occur at the same percentage of the limb cycle, it is also possible that calculated maximum values may be different from the maximum values seen in mean kinematic profiles.
Head stability
Head stability parameters were calculated for each of the individual 96 cycles (Table5). The vertical angle between the head and body did not show cyclic patterns during the cycle and instead was held fairly constant in the direction of the prey stimulus. The lateral angle (i.e. yaw) between the head and path of travel did show cyclic patterns, with the head and body rotating in opposite directions during the limb cycle. Yawing of the head and body produces a displacement of the anterior-most point of the head (nose point) and plastron (anterior plastron point) from the path of travel. The displacement of these points showed the same, mirrored pattern observed for the angles between the head and body and path of travel. However, although the angular deviations between both the head and body, and the path of travel, had similar magnitudes and excursions, the differences in the displacement of the nose and the anterior edge of the plastron were considerably higher, with the anterior edge of the plastron having a more stable trajectory than the nose.
Stability differences between freshwater and marine turtles
Stability parameters for painted turtles were compared with those of post-hatchlings (carapace length: 5.5-8.0cm) from two species of marine turtles (the loggerhead, Caretta caretta, and green turtle, Chelonia mydas) that had been measured in a study using similar experimental methods and criteria for the inclusion of trials (Dougherty et al., 2010) . All sea turtles pursued prey stimuli using exclusive synchronous foreflipper flapping, with mean swimming velocities during cycles of 5.5BLs -1 for loggerheads and 5.4BLs -1 for green turtles. Differences in sample size and results of statistical tests between analyses for sea turtles presented here and those reported previously (Dougherty et al., 2010) are because of removal of trials with outliers (>3 standard deviations from the mean), which left 120 cycles from eight individual loggerheads (two to six trials per turtle) and 72 cycles from six individual green turtles (three to five trials per turtle). A nested ANOVA (adjusted by sequential Bonferroni) including all three species found significant species effects for seven of eight stability parameters tested (Table6), although pairwise tests indicated only one parameter (maximum heave magnitude) differed significantly between the two species of marine turtle (Fig.5A) . No significant differences were detected between the three species for maximum yaw magnitude (Fig.5G) . Painted turtles displayed the highest yaw excursion of the three species, although they only differed significantly from green turtles (Fig.5H) . For the six remaining parameters, painted turtles displayed significantly greater stability than either of the species of marine turtle (Fig.5A-F) .
DISCUSSION

Characteristics of aquatic stability in swimming freshwater turtles
During rectilinear swimming, painted turtles use asynchronous movements of contralateral forelimb and hindlimb pairs. With this locomotor mode, maximum stability would be expected if the two contralateral limb pairs stay completely out of phase (i.e. movements differing by 50% of the limb cycle). Our results showed that the mean difference in timing between the start of protraction for the two contralateral pairs was 48% of the limb cycle. The timing of protraction for the two limbs within each contralateral pair was also tightly matched, differing by a mean of only 7% of the limb cycle. Differences in the timing of motion between contralateral forelimbs and hindlimbs was significantly correlated with maximum sideslip magnitude and sideslip excursion, highlighting the importance of maintaining proper phase relationships between the appendages for maintaining stability (Wiktorowicz et al., 2007) . Parameters of vertical stability (heave and pitch) are non-cyclic in painted turtles with high variability from cycle to cycle. In contrast, measures of lateral stability (sideslip and yaw) show highly repeatable cyclic patterns. Following retraction of a contralateral forelimb and hindlimb pair, the body rotates (i.e. yaws) away from the side of the retracting hindlimb. This happens because the hindfeet have more webbing than the forefeet and, therefore, hindfeet act as larger paddles and are able to produce more thrust (Blob et al., 2003) . The lag in timing between changes in yaw direction and changes in sideslip motion are the result of momentum that continues carrying the body in one direction for a short period even after the body has been reoriented toward the opposite direction.
The vertical angle of the head was held fairly constant during a cycle, whereas the lateral angle of the head followed a cyclic pattern, yawing in the opposite direction of the body. The yawing motion of the head is probably due to hydrodynamic resistance as the body rotates side to side; this resistance may help to reduce overall body yaw. An examination of the motion of the head relative to the path of travel showed that the head yawed to a similar magnitude as the body. However, the resulting lateral displacement of the anterior points of the head (nose) and the plastron show that displacement of the nose is greater (i.e. the head is less stable) than the anterior plastron point.
Comparison of stability between freshwater and marine turtles
A major focus of this study was to compare parameters of hydrodynamic stability between turtles using different modes of propulsion [freshwater vs marine turtles, with data for the latter from Dougherty et al. (Dougherty et al., 2010) ]. In particular, we tested three hypotheses of how different modes of propulsion can produce differences in stability. Our first prediction stated that because the primary direction of motion for the limbs of freshwater turtles is front to back, they were expected to have lower levels of heave than marine turtles. Consistent with our predictions, for heave magnitude and excursion values were significantly smaller (approximately half) for painted turtles than the two species of marine turtle (Fig.5A,B ).
Our second prediction stated that because marine turtles swim using limbs at only the anterior end of the body, they would encounter higher levels of pitch than freshwater turtles. Consistent with our predictions, for pitch magnitude and excursion, painted turtles had significantly lower values than the two marine turtles (Fig.5C,D) .
Our third prediction stated that because limb motions occur at the same time on both sides of the body, marine turtles would have lower levels of sideslip and yaw. However, results for three of our four lateral stability parameters were not consistent with our predictions (Fig.5E-H) . Although painted turtles did have significantly greater yaw excursion than one of the marine species (green turtles), they had significantly lower values of maximum sideslip magnitude and excursion compared with both marine species (Fig.5E,F) . In addition, no significant differences were detected between the species for maximum yaw magnitude. Despite the perceived advantages of synchronous forelimb movement, painted turtles are, on average, more stable than marine turtles with respect to parameters of sideslip ( Fig.5E,F) . Although marine turtles are capable of similarly small sideslip motions (Fig.5E,F) , this probably only occurs when both forelimbs move with precisely synchronized speed and orientation. In comparison, the alternating limb kinematics of freshwater turtles actually may be crucial to their lower levels of sideslip. Although the power strokes G. Rivera, A. R. V. Rivera and R. W. Blob of contralateral forelimbs and hindlimbs produce displacements away from the path of travel, if properly phased, the alternating movements of the two contralateral limb pairs shift the COR back toward the path of travel, thus limiting extreme values. Other studies have also noted the importance of phased locomotor movements in increasing stability (Hove et al., 2001; Fish et al., 2003; Wiktorowicz et al., 2007) . The same mechanism is also true for body orientation (i.e. yaw).
Although marine turtles are capable of smaller yaw recoil than painted turtles (Fig.5G,H) , they lack the phased limb motions that shift the anterior edge of the shell back toward the path of travel. As a result, compared with painted turtles, when a sea turtle deviates from its trajectory (i.e. yaw or sideslip) there is greater potential for high values.
It is also interesting that although painted turtles had a significantly larger yaw excursion compared with green turtles, there was no significant difference between the three species for maximum yaw magnitude (Fig.5G) . In contrast, for the other three recoil motions (heave, pitch and sideslip), patterns for parameter magnitudes mirror those for excursions. The discrepancy in this pattern for yaw occurs because although marine turtles may attain large yaw values in one direction (i.e. yaw magnitude), they do not typically also then rotate to the other side during the same limb cycle (Dougherty et al., 2010) . In contrast, painted turtles always rotate to both sides during a limb cycle, so even if the maximum magnitude to one side is the same as that seen in a sea turtle, freshwater turtles will have larger excursion values because of their rotation to the other side. Sea turtles, in contrast, would exhibit analogous patterns with respect to oscillations in pitch (Dougherty et al., 2010) . Marine turtles can also swim in a straight line even if their bodies are not pointing in the exact direction that they are traveling. Because they can maintain such a yaw angle (up to approximately 20deg) (Dougherty et al., 2010 ) throughout a swimming sequence, sea turtles have the ability to produce a cycle with a yaw excursion that is smaller than the yaw magnitude.
Conclusions and broader comparisons
Our study provides the first quantification of stability during swimming in freshwater turtles. Using these data we were able to test the effects on stability of the two general modes of propulsion used by aquatic turtles: asynchronous rowing vs synchronous flapping (i.e. aquatic flight). Our results indicate that the derived propulsive mode of aquatic flight does not appear to provide enhanced stabilization relative to asynchronous rowing in turtles. These findings suggest that for small sea turtles, selection favors increased swimming speed over stability, although energetic savings associated with increased stability in sea turtles may be more evident among larger animals than those we studied.
The stability of both rowing and flapping turtle species appears lower than that of other rigid-bodied taxa. For example, across the range of speeds at which they were sampled (Fig.6 ), tetradontiform fishes (boxfish and pufferfish) have lower levels of pitch and yaw than turtles, with boxfish showing translational recoil motions virtually undetectable above noise levels (Hove et al., 2001) . The coordinated movement of multiple fins, large body depth that partitions flows, and prominent lateral and dorsal keels (Bartol et al., 2005; Bartol et al., 2003; Bartol et al., 2002; Bartol et al., 2008; Gordon et al., 2000; Hove et al., 2001) help boxfish to maintain such high levels of stability. In contrast, the dorsoventrally flattened bodies, more rounded dorsal profiles, extension of the neck from the body and the position of the limbs (all four located near and approximately equidistant from the COR and within the same horizontal plane) in turtles may contribute to their lower stability, but potentially enhance maneuverability (Rivera et al., 2006) . Beyond the species we have examined, turtles exhibit considerable morphological diversity for which effects on stability remain untested. Studies addressing these topics will increase our understanding of the relationship between propulsive mode, body morphology and hydrodynamic stability in vertebrates, and may provide insight into the evolution of the unique morphologies found in remarkable lineages like the turtles. ranges of lines along the x-axis depict the swimming speeds at which data were collected for the respective studies. Pitch: painted turtle, y-0.089x+4.49 (this study); loggerhead turtle, y0.223x+6.358 (Dougherty et al., 2010) ; green turtle, y0.694x+4.31 (Dougherty et al., 2010) ; boxfish, y0.004x+0.062 (Hove et al., 2001) ; pufferfish, y0.03x+0.94 (Wiktorowicz et al., 2007) . Yaw: painted turtle, y0.365x+6.36; loggerhead turtle, y0.130x+3.41 (Dougherty et al., 2010) ; green turtle, y-0.218x+9.03 (Dougherty et al., 2010) ; boxfish, y0.013x+0.034 (Hove et al., 2001) ; pufferfish, y0.04x+1.21 (Wiktorowicz et al., 2007) .
